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EBV Latency III-Transformed B Cells Are Inducers of
Conventional and Unconventional Regulatory T Cells in a
PD-L1-Dependent Manner

Héloise Auclair,* Catherine Ouk-Martin,”"1 Lilian Roland,*’1 Pauline Santa,*
Hazar Al Mohamad,* Nathalie Faumont,* Jean Feuillard,*" and Chantal Jayat-Vignoles*

EBY infects and immortalizes B cells in vitro and in vivo. It is the causative agent of most immune deficiency-related lympho-
proliferative disorders and is associated with various lymphomas. EBYV latency III-transformed B cells are known to express two
immunosuppressive molecules, IL-10 and PD-L1, two characteristics of regulatory B cells (Bregs). In this study, we show that, in
addition to secretion of the Breg immunosuppressive cytokines IL-10, IL-35, and TGF-1, EBV latency III-transformed B cells
were able to repress proliferation of their autologous T cells preactivated by CD2, CD3, and CD28. This inhibitory effect was
likely caused by CD4* T cells because EBV latency III-transformed B cells induced a strong proliferation of isolated autologous
CDS8 T cells. Indeed, EBV was able to promote expansion of autologous FOXP3* CD39"e" CTLA4", Helios*, GITR*, LAG3* CD4
T cells (i.e., regulatory T cells [Tregs]). Two types of Tregs were induced: unconventional CD25"°® and conventional CD25P%°
Tregs. These Tregs expressed both the latency-associated peptide (LAP) and the PD-1 receptor, two markers of functional Tregs.
Expansion of both Treg subtypes depended on PD-L1, whose expression was under the control of LMP1, the main EBV oncogene.
These results demonstrate that, like Bregs, EBV latency III-transformed B cells exhibit strong immunoregulatory properties.
These data provide clues to the understanding of how after EBV primo-infection, EBV-proliferating B cells can survive in an
aggressive immunological environment and later emerge to give rise to EBV-associated B cell lymphomas such as in elderly

patients. The Journal of Immunology, 2019, 203: 1665-1674.

When EBV infects B cells, its linear dsDNA is circular-

ized (EBV episome) in the nucleus, and the full range of
EBYV latent genes is transcribed. By subverting some key activa-
tion pathways, this latency program, called latency III or prolif-
eration program, leads to immortalization of the infected B cells.
For example, Epstein-Barr nuclear Ag 2 (EBNAZ2), which or-
chestrates the latency Ill/proliferation program, reroutes the Notch
pathway by targeting the cellular RBP-Jk DNA-binding factor. The
viral latent membrane proteins LMP1 and 2A, whose expression is
under the control of EBNA2, provides constitutive survival signals
that mimic those of CD40 and the BCR, respectively (1).

T he EBV infects ~95% of the worldwide adult population.
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Despite its B cell immortalization capability, EBV primo-infection is
spontaneously resolved, either asymptomatically or after the symp-
tomatic phase (infectious mononucleosis) due to a vigorous immune
response. However, the EBV episome will never be eliminated by the
host immune system. It remains hidden in the nucleus of memory
B cells, resulting in the establishment of a life-long persistent infection
after clinical resolution of the primary EBYV infection. This
demonstrates that some EB V-proliferating B cells can escape the
host immune system. Any rupture of balance between the immune
system of the host and the virus may lead to development of an
EBV-associated cancer. EBV is the causative agent of immune
deficiency-related lymphoproliferative disorders, such as post-
transplant lymphoproliferative disorders and AIDS-associated
B cell lymphomas (2, 3). EBV is associated with some solid
tumors, such as gastric carcinomas or nasopharyngeal carcino-
mas, as well as with various lymphoproliferative disorders, in-
cluding Hodgkin lymphoma (HL), Burkitt lymphoma (BL), or
diffuse large B cell lymphomas (DLBCLs) of the elderly.

With others, we showed that EBV-proliferating B cells over-
expressed PD-L1/CD274/B7H1, leading to decreased autologous
anti-EBV cytotoxicity (4, 5). Secretion of the immunosuppressive
IL-10 by EBV-infected B cells, either in vitro or in vivo during
infectious mononucleosis or HL, was reported many years ago (6, 7).
IL-10, a major factor of human B cell activation, proliferation, and
differentiation (8), is also a key immunosuppressive cytokine of
regulatory B cells (Bregs), a B cell subset that supports immu-
nological tolerance (9, 10). Bregs contribute to immune suppres-
sion during various infectious diseases or in pathogenesis of
autoimmune and neoplastic disorders (11-13). Breg properties are
related to a variety of mechanisms, including secretion of anti-
inflammatory and immunosuppressive molecules such as IL-10,
IL-35, and TGF-B1, or expression of the immunosuppressive
molecule PD-L1. Bregs are able to inhibit proliferation of
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effector T cells and can induce CD4-positive regulatory
T cell (Treg) expansion (9, 10, 14).

In this study we explored the immunoregulatory potential of EBV
latency IlI-transformed B cells, especially in connection with PD-L1.
These cells expressed the Breg immunosuppressive cytokines IL-10
and TGF-B1 as well as the two subunits IL-12a and CD27 of IL-35.
They were also able to repress proliferation of autologous activated
T cells. Expressing PD-L1 in an LMP1-dependent manner, EBV
latency IlI-transformed B cells were strong inducers of conventional
Tregs (cTregs) and unconventional Tregs (uTregs) in a PD-L1-
dependent manner. These features demonstrate that EB V-proliferating
B cells have the ability to moderate the host immune response, which
would explain why some of these cells constantly escape the anti-
EBYV immune response.

Materials and Methods

Cell culture conditions

EBV-negative BL cell lines BL2 and BL41 and their EBV-positive
counterparts, BL2B95.8 and BL41B95.8, as well as the lymphoblastoid

cell lines (LCLs) RUD and PRI and the atypical BL cell line P3HR1 were
cultured at 37°C in a humidified 5% CO, atmosphere in RPMI 1640
medium (Life Technologies, BRL-Life Technologies Cergy-Pontoise,
France) supplemented with 10% decomplemented FCS (Clontech, Palo
Alto, CA), 50 IU/ml penicillin, 50 pg/ml streptomycin, and 2 mM
L-glutamine. Amino acids, vitamins, and pyruvate were added at supplier-
recommended concentrations (all from Life Technologies, Carlsbad, CA).
Samples from healthy subjects were obtained from the Centre de
Ressources Biologiques of the University Hospital Center of Limoges after
their informed consent. New CD19- and CD20-positive LCLs (C0401,
J1209, and N2803) were established and characterized by Genethon (Evry,
France). They were cultured in the same conditions as the other cell lines.
The EREB2.5 latency III inducible cell line (15) was cultured in the same
conditions with addition of B-estradiol (1 wM). All cell lines were my-
coplasma free (MycoAlert Mycoplasma Detection Kit; Lonza, Levallois,
France).

Plasmid selection

Escherichia coli were transformed with luciferase (Luc), LMP1 wild type
(LMP1-Wt), or LMPICT PRT1 vectors (16, 17). Clones were selected,
amplified in Luria—Bertani medium with ampicillin (100 ng/ml), and pu-
rified using the NucleoBond Xtra Midi Kit (Macherey-Nagel). EREB2.5
cells were transfected (20 X 10° cells for 20-p.g vector in 500 pl of RPMI)
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with the Gene Pulser II Bio-Rad system (250 V, 400 wF) and selected with
hygromycin (400 pwg/pl).

Flow cytometry

For surface labeling, 500,000 cells were labeled for 15 min in 50 wl of PBS
at room temperature in the dark. The different Abs and conjugated fluo-
rochromes, as well as final dilutions are listed in Supplemental Table I.
Cells were washed in PBS and fixed in 300 pl of PBS with 1% PFA.
Intracellular FOXP3 and BMRFI1 labeling were performed using the
IntraPrep Permeabilization Reagent (Beckman Coulter, Pasadena, CA),
according to the protocol recommended by the supplier (after surface la-
beling for 45 min in the dark at room temperature for FOXP3). Acquisition
was performed on BD Biosciences flow cytometers: FACSCalibur for
B cell labeling, FACSAria III for Treg labeling and LSRFortessa for the
proliferation assay. Results were analyzed with Kaluza V3.1 (Beckman
Coulter) or CellQuest Software (Becton Dickinson). Mean fluorescence
intensity ratios were calculated as the mean fluorescence intensity of the
relevant Ab on its isotypic control.

Proliferation and T cell activation

Cells were incubated with Violet Proliferation Dye 450 (VPD450; BD
Biosciences) for 15 min at 37°C. After two washes, cells were resuspended
in culture medium in the different test conditions. T cells were activated
using the T cell activation expansion kit (particles conjugated to CD2,
CD3, and CD28 mAbs; Miltenyi Biotec, Paris, France), according to the
manufacturer’s protocol. After 5 d of culture, cells were washed, labeled
with CD4-FITC and CDS8-allophycocyanin-H7 mAbs for 15 min at room
temperature, and analyzed by flow cytometry.

RNA extraction and real-time quantitative PCR

For RNA extraction, 10° cells were washed and resuspended in 500 wl of
TRIzol (Life Technologies). Total RNA was extracted according to the
manufacturer’s recommendations. Total RNA (2 pg) was retrotranscribed
with the High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Foster City, CA) according to the manufacturer’s protocol in
20 wl of final reaction volume. Reverse transcription was performed for
10 min at 25°C, 2 h at 37°C, and 5 min at 85°C. Quantitative mRNA
expression of IL-10, TGF-B1, EBI3, ILI2A, PD-L1, and HPRTI was
performed in duplicate with 6 ng of cDNA using the TagMan Assay
On Demand Gene Expression system (reference Hs00961622-ml,
Hs00820148-gl, Hs01057148-m1, Hs01073447, Hs01125301-ml,
and Hs02800695-m1, respectively; Life Technologies) on an ABI
PRISM 7000 automat. Forward (F) and reverse (R) sequences of primers were
F-5'-TGGAGCGTGCTTTGCTAGAG-3" and R-5'-GGCCTGGTCTCCGTA-
GAAGAG-3' for BNLF2A (18) and F-5'-GGACCCTGAAGCCAAAGACCA-
3" and R-5'-TCTCACACGGCAGGAACCTG-3' for BCRF 1. Each quantitative
PCR was performed in triplicate. The ACT was calculated as the mRNA
cycle threshold (CT), the HPRT1 CT (ACT). The AACT was calculated as
previously described (19). The calculated relative mRNA expression level
was equal to 2 TAACT

ELISA tests

To measure cytokine secretion (IL-10, TGF-B1, IL-27, and IL-12), cells
were cultured at 0.4 X 10° cells/ml for 48 h. Supernatants (50 ml) were
concentrated by centrifugation (4000 X g for 30 min using Amicon
Ultracel-10K [Millipore, Darmstadt, Deutschland]). ELISA tests were
performed in triplicate following the manufacturer’s instructions: (human
IL-10, human latent TGF, human IL-27, human IL-12 (p70); BioLegend,
San Diego, CA).

Negative immunoselection of peripheral T lymphocytes

Samples from healthy subjects were half diluted in RPMI 1640 com-
plemented with 10% FCS. PBMCs were recovered after separation
on lymphocyte medium separation (Eurobio, Les Ulis, France). After
washing in PBS, cells were resuspended in 500 wl of RPMI 1640 with a
mixture of Abs against all PBMC subtypes except T cells (Human T Cell
Isolation Kit; STEMCELL Technologies; Grenoble, France), following the
kit’s instruction. The purity of recovered T cells was confirmed during
experiments (samples with T cells alone).

Blocking by anti—-PD-L1 mAb

Assays were performed by incubation of LCL B cells with their
autologous T cells (B cell/T cell [B/T] ratio = 4) for 48 h in the absence of or
with 10 pg/ml isotypic control (purified mouse IgG1, k) or B7H1 blocking
mAb (purified mouse mAb, clone MIH1; eBioscience).
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Statistical analysis

Student ¢ tests were performed with Excel Software.

Results
EBYV latency Ill-transformed B cells display an
immunoregulatory profile

To explore the immunoregulatory properties of the three new LCL
EBYV latency Ill-transformed B cells characterized by Genethon,
we first looked at the transcriptional expression of two viral
immunoevasines in EBV’s lytic phase: BCRFI (which encode the
viral homolog of IL-10, vIL10) and BNLF2A (involved in viral
evasion from HLA class I-restricted T cell immunity). As shown
in Supplemental Fig. 1, BCRFI was highly expressed only in the
J1209 LCL when compared with the B95.8 EBV-producing cell
line, and BNLF2A was found to be expressed at low levels.
No relationship was found between BCRFI expression levels and
the lytic cycle (assessed by expression of BMRF1, a DNA poly-
merase processivity factor essential for lytic virus replication)
(Supplemental Fig. 1).

Expression of IL-10 by both EBV latency III B cells and Bregs is
well known. Two other immunosuppressive cytokines have been
reported to be secreted by Bregs: TGF-$ (an inducer of PD-1 on
T cells and Tregs) and IL-35 (composed of two subunits: IL-12a,
encoded by the EBI3 gene and IL-27-B, encoded by the ILI2A
gene). Expression of IL-10 and TGF-31, as well as expression of
IL-35 subunits, was analyzed at the transcriptional level by reverse
transcriptase quantitative PCR and at the secretory level in culture
medium by ELISA on a series of five classical LCLs (the three
C0401, J1209, and N2803 recently established LCLs plus two
LCLs, established more than two decades ago (PRI and RUD) as
well as two EBV-converted BL cell lines. As negative controls, we
used the EBV-negative counterpart of EBV-converted BL cells,
the P3HRI1 cell line (EBNA2-negative, atypical EBV latency), as
well as normal freshly isolated resting B cells (Fig. 1). As ex-
pected, all EBV latency Ill-transformed B cells expressed high
levels of IL-10. Despite some variations between cell lines, all
EBV-proliferating B cells (classical LCLs and EBV-converted
BLs) also strongly overexpressed TGF-31 and the two constitu-
tive subunits of IL-35 at both transcriptional and secretory levels
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FIGURE 2. EBV latency I and latency III B cells overexpress PD-L1 in
a LMPI-dependent manner. Transcriptional expression of PD-LI was
studied in the EREB2-5 B cell line (latency I), which is inducible for the
latency III program by addition of B-estradiol (1 wM). Cells were stably
transfected to express Luc, LMP1-Wt, or LMP1-CT (dominant negative of
LMPI). In latency I or III, PD-L1 expression was positively correlated
with that of LMP1-WT and negatively correlated with that of LMP1-CT.
Each experiment was performed at least three times.
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(Fig. 1A, 1B). As expected, EBV latency Ill-transformed
B cells strongly expressed PD-L1 in comparison with controls
(Fig. 1C). Expression of PD-L1 was also found on SCID tumors
derived from either the three recent LCLs or the old LCL PRI
(Supplemental Fig. 2).

EBYV latency Ill-transformed B cells express PD-LI in an
LMP-dependent manner

Transcriptome results suggested that PD-L1 expression during
EBV latency Ill/proliferation program was mainly due to LMPI,
the main EBV oncogene (unpublished data and ([20]). To confirm
this result, the EREB2-5 cell line, an EBV latency III cell line
that is estradiol conditional for EBNA2 activity (essential for the

EBV-TRANSFORMED B CELLS INDUCE Tregs THROUGH PD-L1

initiation of the latency III program expression) (21) was stably
transfected with the doxycycline-regulatable PRT1 vector in
which the cassette was a cDNA coding for either Luc, LMP1-Wt,
or a dominant negative variant of LMP1, LMPI1-CT (22). The
simultaneous expression of the NGFRt cDNA by the PRT1 vector
allowed selection of transfected cells. As shown in Fig. 2, estradiol
withdrawal (resting cells expressing EBNAL [i.e., latency I state])
decreased expression of PD-L1 (Fig. 2). Even if not statistically
significant compared with the Luc assay, overexpression of LMP1-
Wt increased PD-L1 expression either in the latency III or latency I
state, whereas inhibition of LMP1 signaling by LMP1-CT de-
creased its expression. This is in agreement with the fact that PD-L1
expression was dependent of LMP1 presence. Additionally, we
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FIGURE 3. Autologous EBV latency III B cells inhibit proliferation of both CD4+ and CD8" T cells. Freshly isolated T cells were labeled with the
VPDA450 dye and incubated with either a mixture of beads coated with CD2, CD3, and CD28 mAbs (activated beads) or with inactivated beads in the
absence of or with autologous EBV latency III B cells at B/T ranging from O to 4 on day five. Cells were labeled with anti-human CD4-FITC and anti-
human CD8-allophycocyanin-H7 mAbs and analyzed by flow cytometry. (A) Examples of VPD450 fluorescence monoparametric histograms for CD4 and
CD8 T cells. Each experimental condition is indicated at the left of the panel. Results show decreased proliferation of both CD4 and CD8 T cells in the
presence of their cognate EBV latency III B cells (J1209). (B) Results for three different healthy subjects for CD4* (upper panel) and CD8* (lower panel)
T cells. Altogether, results show decreased proliferation of both CD4 and CDS8 T cells in presence of their cognate EBV latency III B cells.
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looked at gene expression of IL-10, TGF-B, EBI3, and IL-12A
and found that, although both IL-10 and EBI3 were induced by
the latency III program, only EBI3 was under the dependence
of LMP1 in this cellular model (Supplemental Fig. 3).

EBYV latency Ill-transformed B cells inhibit proliferation of
their autologous T cells

To determine whether EBV latency IlI-transformed B cells have
immunoregulatory functions like Bregs, we assessed the ability of
three (C0401, J1209, and N2803) recently established independent
LCL cell lines to repress autologous T cell proliferation. T cells
were stimulated or not with a mixture of beads coated with anti-
CD2, anti-CD3, and anti-CD28 agonist mAbs (CD2/CD3/CD28
mixture), which mimics T cell stimulation by APCs (23) in the
presence of their cognate EBV-proliferating B cells (B/T ratios
ranging from O to 4). As expected, the anti-CD2/-CD3/-CD28
mixture strongly stimulated T cell proliferation (Fig. 3). At a
B/T ratio between 0.5 and 2, proliferation of autologous CD4
and CD8 T cells was moderately and heterogeneously inhibited
but with fewer proliferation cycles (Fig. 3). At a B/T ratio of 4, all
three LCLs almost completely blocked proliferation of their au-
tologous CD2-/CD3-/CD28-activated T cells. This inhibition of
proliferation was comparable for both CD4 and CD8 T cells
(Fig. 3B).

One of the major immunosuppressive mechanisms of Bregs is
to favor Treg expansion. Various Treg subtypes have been de-
scribed. In the view of possible expansion of Tregs, we compared
the effect of EBV latency III LCLs on whole CD3™ T cells and
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their cognate-purified CD8" T cells. Consistently with Fig. 3,
EBV latency III LCLs repressed proliferation of whole cognate
CD3" T cells (Fig. 4A). By contrast, no inhibitory effect was
seen when purified CD8" T cells were coincubated with their
cognate EBV latency III LCLs. On the contrary, the number of
proliferation cycles was increased and, even if not statistically
significant, the proliferation rate tended to be higher (Fig. 4B).
This result indicates that EBV latency III LCLs kept a very
strong activation power on their cognate CD8* T cells and
suggests that the inhibitory effect could be ascribed to CD4
T cells.

EBYV latency Ill-transformed B cells promote expansion of both
cTregs and uTregs

Tregs can be separated into two main subsets, those that are
CD4* FOXP3" CD25" cTregs and those that are CD4* FOXP3™*
CD25 uTregs. Expression of FOXP3 and CD25 is shared by
both cTregs and activated T cells. Indeed, 48-h activation of
freshly isolated primary T cells with anti-CD2/-CD3/-CD28
mixture resulted in coexpression of both FOXP3 and CD25 on
CD4* T cells, CD25 being highly induced (Fig. 5A, 5B). Coin-
cubation of CD3" T cells with their cognate LCLs led also to
expansion of CD4* FOXP3* CD25* T cells. But this expansion
was moderate, and the expression pattern of FOXP3 and CD25
on these cells was different from activated T cells. Moreover, a
significant expansion of CD4" FOXP3"CD25™ T cells was seen
(Fig. 5C, 5D). These CD4* FOXP3" CD25™ T cells were al-
most absent from CD2-/CD3-/CD28-activated T cells (compare
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(negative control) or supernatant containing or not cells of cognate autologous EBV latency III B cell lines (B/T = 4). After 48 h incubation, cells were
labeled with the CD3-V500, CD4-FITC, CD8-allophycocyanin-H7, CD25-BV421, and FOXP3-PE panel and analyzed by flow cytometry for each ex-
perimental condition indicated in the legend. (C) Examples of FOXP3/CD25 fluorescence cytograms and (D and E) results for three different healthy
subjects. These results show induction of FOXP3*, mainly CD25~ CD4" T cells after coculture with cognate EBV latency III B cells.

Fig. 5A-D). Expansion of both CD4* FOXP3* CD25" and CD25~
T cells was hardly induced in the presence of autologous super-
natants alone (Fig. SE). Altogether, these results suggest that EBV
latency III LCLs were able to induce expansion uTregs mainly and
cTregs weakly and that expansion is likely to be due to B/T
contact.

According to Zhou and colleagues (24), bona fide CD4"
FOXP3* Tregs also express increased membrane CD39 levels.
We thus evaluated FOXP3 expression on T cells induced by
contact with EBV latency III B cells, according to their CD39
expression. As shown in Fig. 6, CD4* T cells could be separated
into three subsets according to CD39 expression: CD39 ,
C39%°* and C39"" (Fig. 6A). FOXP3 expression was high in CD4*
C39"e" T cells, weak in CD4* CD39%* T cells, and negative on

CD39™ T cells (Fig. 6B). Gating on CD4™ C39"2" T cells showed that
most of them were FOXP3* CD25", whereas some were FOXP3*
CD25" (Fig. 6C). Moreover, expansion of both CD25" and CD25~
CD4" CD39"€" FOXP3* T cells varied in the same manner as the ratio
between EBV latency III B cells/autologous T cells (Fig. 6D). Tregs
are also known to express CTLA4, IKZF2 (Helios), TNFRSF18
(GITR), and LAG3 molecules (25). These molecules were highly
expressed by both CD25* and CD25~ CD4" CD39™&" T cells
(Fig. 7). Thus, EBV latency III LCLs appeared to induce expan-
sion of both cTreg and uTreg compartments.

To assess whether EBV latency Ill-induced Tregs were
functional, we tested the expression of both latency-associated
peptide (LAP) (a propeptide that remains associated with ma-
ture TGF-B) and PD-1 on CD39high cTreg and uTreg subsets.
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FIGURE 6. cTregs and uTregs express both the FOXP3 and the CD39 key markers of Tregs. T cells from healthy donors were incubated with their

cognate autologous EBV latency III B cell line (J1209) at a B/T ratio varying from O to 4. After 48 h incubation, cells were labeled with the CD3-V500,
CD4-FITC, CD25-BV421, CD-39-allophycocyanin, and FOXP3-PE panel and analyzed by flow cytometry. (A) Example of CD4* T cell distribution
according to CD39 expression. Cells were analyzed on a CD39/CD4 biparametric histogram gated on CD3™ T cells. Three subpopulations were defined:
CD39™, CD39%%, and CD39"", (B) Histograms of FOXP3 expression according to CD39 expression. CD4~ CD39™ T cells (corresponding to CD8*
CD39™ T cells) were used as a negative control. CD39 and FOXP3 were clearly coexpressed. (C) Example of CD25 expression for FOXP3* CD39"e"
T cells. Cells were analyzed on a FOXP3/CD25 biparametric histogram gated on CD4* CD39"&" T cells. Among FOXP3* CD39™¢" Tregs, the majority of
cells were CD25 ™~ (uTregs), whereas some CD25" cTregs were also induced. (D) Histograms showing the percentage of CD4* CD39"&", CD25~, or CD25*
T cells for increasing B/T ratios (ranging from 0 to 4). Number of both Treg subsets increased with B/T ratio; CD25™ cells still remained the majority. Each

experiment was performed at least three times.

CD8" T cells were used as an internal control. Coincubation of
EBV latency III B cells and autologous T cells induced mod-
erate LAP expression on uTregs, (Fig. 8). PD-1 expression was
found on uTregs even in the absence of EBV latency III B cells
and was not influenced by addition of cognate B cells. This sug-
gests that uTregs were constitutively but moderately active. By
contrast, expression of both LAP and PD-1 was strongly induced
on cTregs in a dose-dependent manner after coincubation with
EBYV latency III B cells. This shows that cTreg became strongly
active in an inducible manner after coincubation with their cog-
nate EBV latency III B cells.

Expansion of Tregs upon EBV latency IllI-transformed B cells
depends on PD-LI1

Because PD-1 was expressed on both cTregs and uTregs and EBV
latency III B cells strongly expressed PD-L1, we next examined
whether PD-L1 could play a role in the induction of CD4* FOXP3™"
T cell expansion by EBV-proliferating B cells. In fact, PD-1 ex-
pression was significantly increased after induction of prolifera-
tion by the anti-CD2/-CD3/-CD28 mixture, and even more so in
the presence of autologous EBV-proliferating B cells (Fig. 9A,
9B). Furthermore, autologous T cells were incubated with either

culture medium, an isotypic control, or a blocking anti—-PD-L.1 mAb in
the presence or not of their cognate EBV latency [lI-infected B cells.
Compared with culture medium, the isotypic control did not, or
only very weakly, affect expansion by EBV-proliferating B cells,
whereas CD4™ FOXP3™ T cell expansion was dramatically de-
creased in the presence of anti-PD-L1 blocking Ab (Fig. 9C, 9D),
reaching levels close to those of supernatants alone (Fig. SE). This
result emphasizes that cTreg and uTreg expansion strongly de-
pends on PD-L1 expression on LCLs.

Discussion

In this study, we demonstrated that EBV-proliferating B cells
exhibited strong immunoregulatory properties. They were
able to repress proliferation of their cognate-activated T cells,
express immunosuppressive cytokines and PD-L1 due to LMPI,
and promote expansion of both cTregs and uTregs in a PD-L1-
dependent manner.

The ability of some B cells to moderate the immune response has
been ascribed to a particular subset, the Bregs. Bregs were first
described as a specific B cell subset that moderates chronic in-
flammation in bowel disease in mice (26). Then they were de-
scribed in humans some years later (27). Breg immunoregulatory
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properties are related to their ability to secrete immunosup-
pressive cytokines, mainly IL-10 (28) but also TGF- (9, 29)
and IL-35 (30). Taking into account the cytokine expression
profile and the immunoregulatory functional properties, different
immunophenotypic characteristics have been reported. A con-
sensus on Breg properties and phenotype was published in 2015
(10). From this, it appeared that common characteristics of all
Breg subsets are to repress proliferation of autologous T cells and
to secrete IL-10. Bregs may also have the ability to orient T cell
fate toward Treg expansion (29) From our results, it appears that
strong similarities exist between EBV latency IlI-transformed
B cells and Bregs.

CD39 expression is primarily expressed by immune-suppressive
FOXP3* Tregs (24, 31). FOXP3/CD39 coexpression has been
reported on Tregs from patients with chronic infections such as
coinfection by HIV and tuberculosis (32) or was correlated with
the progression of HBV infection (33). This suggests some com-
mon features between persistent viral chronic infections. In this
paper, we showed that EBV latency III B cells induced expan-
sion of CD4 T cells that coexpressed both FOXP3 and CD39,
strengthening the fact that EBV latency III B cells, like Bregs,
were able to bias T cell fate toward Treg differentiation pathway.

EBV-proliferating B cells are highly immunogenic (34) and
prone to CD95-induced apoptosis by cognate T cells (35). EBV
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FIGURE 8.

cTregs and uTregs express the inhibitory functional markers LAP and PD-1. T cells from healthy donors were incubated with their cognate au-

tologous EBV latency III B cell line (C0401, J1209, N2803) at a B/T ratio varying from 0 to 4. After 48 h incubation, cells were labeled with the CD3-V500, CD4-
FITC, CD8-allophycocyanin-H7, CD25-BV421, CD39-allophycocyanin, and PD-1-PE or LAP-PE panel. Cells were analyzed by flow cytometry. CD8" CD39™~
cells were used as an internal control. LAP and PD-1 were increased on both uTregs and cTregs. Each experiment was performed at least three times.
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Inhibition of PD-L1-repressed Treg expansion induced by EBV latency III autologous B cells. (A) A representative example of PD-1

overexpression on T cells after CD2, CD3, and CD28 activation or in presence of cognate EBV latency III B cells J1209 (B/T = 4) compared with
resting T cells. Monoparametric histograms of PD-1 expression were gated on CD4* T cells by flow cytometry. (B) Histogram showing PD-1
expression for each experimental condition. Each experiment was performed on three different LCLs. (C) Example of FOXP3/CD25 biparametric
histograms gated on CD4" T cell after 48 h coculture of T cells in presence or not of their cognate autologous EBV latency III B cells with either
medium alone, isotypic control, or anti-PD-L1-blocking mAb, (D) Histogram showing levels of CD4* FOXP3" T cells in each experimental
condition for three healthy donors after 48 h incubation with autologous EBV latency III B cells. Blocking PD-L1 resulted in repression of FOXP3*

T cell expansion.

latency Ill-immortalized B cells express high levels of IL-10,
TGF-B1, IL-35, and PD-L1. Filtered cell supernatant from EBV-
proliferating B cells marginally induced expansion of FOXP3-
positive T cells, suggesting the requirement of a direct cell—cell
contact. Nevertheless, it cannot be excluded that this effect was
also related to release of exosomes from EBV-infected B cells.
Indeed, Wada and colleagues (36) have shown that exosomes from
malignant effusions could carry LAP-TGF-(3 that drive expansion
of Tregs. In this study, we found that high levels of surface PD-L1
were under the dependence of LMPI. This result in latency
III-transformed B cells is consistent with results reported on EBV-
related NK/T lymphomas (37). Induction of Treg expansion by
EBYV latency Ill-transformed B cells was under the dependence of
at least the PD-1/PD-L1 axis. PD-L1 moderates autologous cy-
totoxicity of CD8 T cells against these EBV-immortalized B cells
(4). PD-L1 expression is deregulated in numerous cancers, in-
cluding EBV-negative lymphomas (38, 39). PD-L1 dysregulation
may be related to structural rearrangements of chromosome 9
in diffuse B cell non-HLs (40), a very strong genetic indication
that tumor selection pressure favors transformed cells that are able
to escape from immune surveillance. Increased PD-L1 expression
is also found in EBV-negative or -positive HLs (41, 42). In breast
cancer, PD-L1 expression is associated with poor patient prognosis
(43). Expression of this immune checkpoint is associated with Tregs
within the tumor for breast cancers. Several studies have reported
that the PD-1/PD-L1 axis is implicated in the differentiation of Thl
cells into Tregs (44). Presence of intratumoral Tregs correlates with

a poor prognosis for breast cancer (45). Immunotherapies targeting
the PD-1/PD-L1 axis have proven to be effective for treatment of
this cancer (46). The fact that expansion of Tregs by EBV latency
III B cells depends on PD-L1 suggests a major role for this mole-
cule in EBV immune escape.

Altogether, our results demonstrate that EBV-proliferating
B cells have major intrinsic immunosuppressive properties, with
a major role for PD-L1 in the induction of both uTregs and cTregs.
Even if it has been largely demonstrated that the EBV burden is
under the strict control of the host immune system, these results
give clues to reasons why EBV-proliferating B cells are not de-
finitively eliminated as for other viruses responsible for chronic
infections, such as hepatitis B virus (47). These results could also
shed some light on the reasons why EBV-positive DLBCLSs occur
on a more fragile background, such as in elderly patients, who are
known to have an increased pool of Tregs (48) and decreased
capacities to elaborate immune protection when vaccinated (49).
Because of continuous NF-kB activation, either related to LMP1
expression for EBV or to mutations in the NF-kB-activating
track for activated B cell-DLBCLs, both EBV-proliferating
B cells and activated B cell-DLBCLs are phenotypically closed.
Kiyasu and collaborators (50) showed the role of PD-L1 dysreg-
ulation in DLBCLs, which is correlated with poor prognosis. Our
results raise the question whether these poor prognosis, aggressive
B cell lymphomas could also mimic Bregs by modifying their im-
mune microenvironment through, for example, secretion of immu-
nosuppressive cytokines or promoting expansion of FOXP3* Tregs.
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